Human parainfluenza virus type 3 (HPIV3) is an important cause of lower respiratory tract illness in children, yet a licensed vaccine or antiviral drug is not available. We evaluated the safety, tolerability, infectivity, and immunogenicity of two intranasal, live-attenuated HPIV3 vaccines, designated rHPIV3-N B and rB/HPIV3, that were cDNA-derived chimeras of HPIV3 and bovine PIV3 (BPIV3). These were evaluated in adults, HPIV3 seropositive children, and HPIV3 seronegative children. A total of 112 subjects participated in these studies. Both rB/HPIV3 and rHPIV3-N B were highly restricted in replication in adults and seropositive children but readily infected seronegative children, who shed mean peak virus titers of 10 2.8 vs. 10 3.7 pfu/mL, respectively. Although rB/HPIV3 was more restricted in replication in seronegative children than rHPIV3-N B , it induced significantly higher titers of hemagglutination inhibition (HAI) antibodies against HPIV3. Taken together, these data suggest that the rB/HPIV3 vaccine is the preferred candidate for further clinical development.
Introduction
Human parainfluenza virus type 3 (HPIV3) accounts for at least 11,000 pediatric hospitalizations annually in the United States and is an important cause of acute lower respiratory illness (ALRI) in infants and young children worldwide [1] [2] [3] [4] [5] [6] . Like respiratory syncytial virus (RSV), HPIV3 can cause bronchiolitis, viral pneumonia and apnea in infants and has been associated with wheezing episodes in older children with asthma [4, 5, [7] [8] [9] . Although precise estimates do not exist, the outpatient burden of HPIV3 is likely substantial, since the number of emergency room and outpatient visits for HPIV3-associated illness may exceed hospitalizations by 10-80-fold [4, 6] . Since approximately two-thirds of HPIV3 hospitalizations occur in the first year of life [4, 6] , development of a vaccine capable of inducing protective immunity in infancy is urgently needed.
Live-attenuated, intranasally administered HPIV3 offers several potential advantages as a vaccine for infants, including ease of administration, reduction of the likelihood of interference with the many childhood vaccines that are given parenterally during the first year of life, lack of restriction of vaccine virus replication by the presence of HPIV3-specific maternal serum antibodies that are present in early infancy [10, 11] , and induction of local immunity [12, 13] . Since the immunogenicity of vaccines administered during the first few months of life is typically less than that observed in older children, more than one dose of an HPIV3 vaccine would likely be needed to induce lasting protective immunity in infants and children [10, 11, 14, 15] . Serum antibody responses to the surface antigens of HPIV3, namely the hemagglutinin-neuraminidase (HN) and fusion (F) glycoproteins, are recognized correlates of protective immunity [7, [16] [17] [18] [19] [20] . The roles of other aspects of host immunity in protective responses against HPIV3 are not well understood, particularly in the pediatric population.
Two approaches have been used to generate HPIV3 vaccines for clinical development. First, wild-type (wt) HPIV3 was attenuated by serial passage at low temperatures to yield cp45 HPIV3, which was shown to be well-tolerated, infectious, immunogenic, and phenotypically stable in HPIV3-seronegative children as young as one month of age [10, 11] . More recently, the tolerability, level of attenuation, and immunogenicity of a cDNA-derived recombinant version of cp45, designated rcp45, was shown to be comparable to what was previously observed with the biologically derived cp45 vaccine [11a] . The use of cDNA-derived virus has the advantage of a short, well-characterized passage history as well as the ability to readily regenerate and modify the virus as needed.
Another approach to HPIV3 vaccine development has been based on a related animal virus, bovine parainfluenza type 3 (BPIV3). BPIV3 has evolved in bovines and is restricted for 0264-410X/$ -see front matter © 2012 Published by Elsevier Ltd. doi:10.1016/j.vaccine.2011.12.022 replication in humans, i.e., it exhibits a host-range phenotype. BPIV3 has been shown to be well-tolerated and attenuated in adults, children, and infants as young as one month of age [10, 21] . However, cross-neutralization studies have demonstrated that the BPIV3 HN and F proteins are only 25% antigenically related to the HPIV3 HN and F, and antibody responses to HPIV3 in children administered BPIV3 have been suboptimal [10, 21, 22] . For this reason, cDNA-derived chimeric viruses have been developed that contain the HN and F genes of HPIV3 in a backbone containing one or more BPIV3 genes. The purpose of this strategy is to combine the antigenic specificity of the HPIV3 HN and F glycoproteins with the host range restriction of BPIV3.
Previous studies in non-human primates demonstrated that each of the genes of BPIV3 independently contributes to the hostrange attenuation phenotype [20] , which suggested that chimeric human/bovine PIV3 vaccines could be developed to contain either a single BPIV3 gene substitution or multiple BPIV3 attenuating genes. In the present study, we evaluated one example of each of these types of chimeric human/bovine PIV3 vaccines in clinical trials. In rHPIV3-N B , the HPIV3 nucleocapsid (N) gene was replaced by its BPIV3 counterpart; the rest of the genome is HPIV3. In contrast, rB/HPIV3 consists of BPIV3 in which the HN and F genes were replaced by their HPIV3 counterparts. In previous studies, both rHPIV3-N B and rB/HPIV3 were found to be attenuated in nonhuman primates and to induce higher titers of antibody to the HPIV3 HN than were induced by BPIV3 [20, [23] [24] [25] . Here, we report the phase I evaluation of these vaccines in adults, children, and infants as young as 6 months of age.
Materials and methods

Vaccines
To generate recombinant rHPIV3-N B , cDNA encoding the genome of the HPIV3 JS strain was modified to replace the HPIV3 nucleoprotein (N) open reading frame (ORF) with the N ORF of the BPIV3 Kansas strain [23] . This cDNA was used to derive infectious virus as previously described [20] . Vaccine seed virus and clinical trials material (CTM) were manufactured in qualified Vero cells at Novavax, Inc. (Rockville, MD). rB/HPIV3 was derived entirely from plasmid cDNA in qualified Vero cells at the National Institutes of Health (NIH) [26] , and CTM was manufactured in qualified Vero cells at Charles River Laboratories (Malvern, PA). The HPIV3-N B and B/HPIV3 CTMs were supplied to the clinical site as frozen concentrates with mean infectivity titers of 10 7.03 and 10 7.0 50%-tissue-culture-infectious-doses (TCID 50 ) per mL, respectively. CTMs were stored at −70 • C and diluted to dose on-site using Leibovitz L15 medium. L15 medium was also used as the placebo. Each vaccine was evaluated sequentially in (i) adults that were not screened for HPIV3 serostatus (but who all proved to be HPIV3 seropositive), (ii) HPIV3 seropositive children ages 15-59 months, and (iii) HPIV3 seronegative children ages 6-36 months. Studies in adults were conducted as open-label trials, with all subjects receiving vaccine. Studies in children were conducted as randomized, double-blind and placebo-controlled trials, with subjects randomized 2:1 to receive vaccine or placebo. Randomization was performed in blocks of 3 (2 vaccinees and 1 placebo recipient) to permit unblinding and analysis of adverse events throughout the study, which was done when each group of 3 subjects completed the initial follow-up period (approximately 28 days for HPIV3 seropositive children and approximately 56 days for HPIV3 seronegative children). Vaccines and placebo were each administered in a volume of 0.5 mL as nose drops (approximately 0.25 mL per nostril).
Both studies were designed to evaluate a single dose level of vaccine in adults and seropositive children, and to evaluate a 10-fold lower dose in seronegative children. In addition, each study had the contingency to subsequently increase the dose in seronegative children 10-fold if the infectivity of the vaccine virus was insufficient at the initial lower dose (insufficient infectivity was pre-specified as <90% of seronegative children infected, with infection defined as shedding of vaccine virus and/or a >4-fold rise in serum antibody titer). For rHPIV3-N B , the dose evaluated in adults and seropositive children was 10 5.0 TCID 50 , and the doses evaluated in seronegative children were 10 4.0 TCID 50 and 10 5.0 TCID 50 . For rB/HPIV3, the dose evaluated in adults and seropositive children was 10 6.0 TCID 50 and the dose evaluated in seronegative children was 10 5.0 TCID 50 ; these higher doses were utilized based upon the infectivity of the rHPIV3-N B virus, as described in Section 3.
Written informed consent was obtained from study participants (adults) or from the parents or guardians of study participants For adults and HPIV3 seropositive children enrolled in these trials, clinical assessments and nasal washes were performed on study day 0 (the day of vaccination, with the nasal wash performed prior to inoculation), and on days 3-7 and 10 following inoculation. Following day 10, illness data (adverse events and reactogenicity events) were collected through day 28, with additional physical examinations performed and nasal washes obtained in the event of lower respiratory tract illness (LRI). All LRIs were defined as serious adverse events (SAEs), regardless of severity. As required by the FDA, serum alanine aminotransferase (ALT) was measured in adults and seropositive children before inoculation and 28 days after inoculation of rHPIV3-N B . For seronegative children, clinical assessments and nasal washes were performed on study days 0, 3-7, and on days 10, 12, 14, 17, 19, 21 ±1 day. As part of the rB/HPIV3 study, an additional clinical assessment and a nasal wash were performed on day 28, and a follow-up phone call was conducted approximately 6 months after vaccination to determine whether any SAEs had occurred after the acute observation period. Following the last scheduled nasal wash, illness data were obtained for seronegative children through day 56, with physical examinations performed and additional nasal washes obtained in the event of LRI. Titers of vaccine virus in nasal wash specimens were determined as described below. Fever, upper respiratory tract illness (URI [rhinorrhea or pharyngitis]), cough, LRI, and otitis media were defined as previously described [21] . When illnesses occurred, nasal washes were tested for adventitious agents by viral culture for the HPIV3 se ronegati ve children (n=21 ) 14 rHPIV3-N B study and by rRT-PCR (Fast-track Diagnostics, Luxembourg) for the rB/HPIV3 study. Sera were obtained to measure antibodies to HPIV3 prior to inoculation, approximately 1 month after inoculation in adults and seropositive children, and approximately 2 months after inoculation in seronegative children.
Isolation, quantitation, and characterization of virus
Nasal washes were performed using a nasal bulb syringe and 15-20 mL of lactated Ringer's solution. Nasal washes were snap frozen on site and stored at −80 • C. An aliquot of each nasal wash was rapidly thawed, inoculated onto LLC-MK2 cells, and incubated at 32 • C for primary virus isolation [10, 11] . For all specimens that showed cytopathic effect or evidence of infection by hemadsorption, a second aliquot was titered by hemadsorption plaque assay with an agar overlay on LLC-MK2 cells at 32 • C [10, 11] . Titers of vaccine virus are expressed as the number of plaque-forming units (pfu) per mL of nasal wash fluid. The lower limit of detection was 0.6 log 10 pfu/ml. To differentiate HPIV3 from B/HPIV3, RNA was extracted from virus isolates using Viral RNA Mini Kits (Qiagen, Valencia, CA), and cDNA was generated using Superscript First Strand Kit (Invitrogen, Carlsbad, CA). cDNA was amplified with virus-specific primers using the Clontech Advantage HF2 PCR Kit (Clontech, Mountain View, CA).
Immunologic assays
Sera from all subjects were tested for antibodies to HPIV3 (using the HPIV3 Washington/57 strain as the assay virus) by the hemagglutination-inhibition (HAI) antibody test [27] , starting at a serum dilution of 1:4, with 2-fold dilution increments and endpoint titration.
Data analysis
Infection with vaccine virus was defined as either the isolation of vaccine virus or a >4-fold rise in antibody titer as measured by serum HAI to HPIV3 [27] . The mean peak titer of vaccine virus shed (log 10 pfu/mL) was calculated for infected vaccinees only. The HAI reciprocal titers were transformed to log 2 values for calculation of mean log 2 titers, and Student's t test was used to compare HAI titers between groups. Rates of illness among vaccinees and placebo recipients were compared by the two-tailed Fisher's exact test. e Two placebo recipients experienced rises in serum HAI titer. Wt HPIV3 was detected in nasal wash specimens obtained from each of these children.
Results
Study populations
As shown in Tables 1 and 2 and Fig. 1 , 112 subjects were enrolled in these studies. Each vaccine was administered to 15 adults (30 adults in total). Each vaccine was next evaluated in cohorts of HPIV3 seropositive children, 10 of whom received vaccine and 5 of whom received placebo (30 seropositive children in total). The rHPIV3-N B vaccine was subsequently evaluated in a cohort of 31 HPIV3 seronegative children (14 received 10 4.0 TCID 50 of vaccine, 7 received 10 5.0 TCID 50 of vaccine, and 10 received placebo). The rB/HPIV3 vaccine was evaluated in a cohort of 21 seronegative children (14 received 10 5.0 TCID 50 of vaccine and 7 received placebo). In total, 52 seronegative children participated in these trials.
Response of adults and HPIV3 seropositive children
In adults and HPIV3 seropositive children, rHPIV3-N B and rB/HPIV3 were well tolerated and, in most subjects, highly restricted in replication (Table 1) . Vaccination-related SAEs did not occur. In each study, no more than 10% (rHPIV3-N B ) or 20% (rB/HPIV3) of adults and HPIV3 seropositive children had any evidence of infection with vaccine virus ( Table 1 ). All of the subjects who shed vaccine virus were asymptomatic, including one seropositive child who received rB/HPIV3 and shed vaccine virus on study days 3-7 with a relatively high peak titer of 10 4.4 TCID 50 /mL of nasal wash fluid. Replication of the vaccine viruses was highly restricted in all of the other of these HPIV3-experienced subjects. Illnesses (fever, rhinorrhea, cough and/or otitis media) occurred in some subjects who were not infected with the vaccine viruses; one of these individuals shed wt human parainfluenza virus type 1. ALT elevations were not observed in any subject. Antibody responses, as measured by >4-fold rises in serum HAI titer, were not detected in any of the recipients of the rHPIV3-N B vaccine. For the rB/HPIV3 vaccine, only the seropositive child with the relatively high level of vaccine virus shedding noted above developed an antibody response (Table 2) . Taken together, these data suggest that these vaccines are poorly infectious and immunogenic in HPIV3-experienced populations.
Response of HPIV3 seronegative children
The rHPIV3-N B vaccine infected only 71% (10/14) of seronegative children at a dose level of 10 4.0 TCID 50 . As specified in the protocol (10-fold increase in dose if the vaccine was well-tolerated and infectivity <90%), a 10 5.0 TCID 50 dose level was next evaluated in an additional group of seronegative children, and 6 of the 7 children (86%) who received this higher dose were infected. Based on these findings, the rB/HPIV3 virus was administered at an initial dose of 10 5.0 TCID 50 , which infected 100% (14 of 14) of the seronegative children (Tables 1 and 2 ).
When vaccine virus replication was compared between groups of seronegative children who received a 10 5.0 TCID 50 of either vaccine, the mean peak titer of vaccine virus in nasal wash fluid was nearly 10-fold greater in rHPIV3-N B vaccinees than in rB/HPIV3 vaccinees (10 3.7 vs. 10 2.8 pfu/mL), but this difference was not statistically significant. However, the mean duration of vaccine virus shedding was significantly greater in seronegative recipients of rHPIV3-N B than in seronegative recipients of rB/HPIV3 (14.7 vs. 8.2 days, P = .009; Table 1 and Fig. 2) .
Upper respiratory tract and febrile illnesses were frequently observed in both vaccines and placebo recipients, but the rates of these illnesses were similar between groups (Table 1) . One seronegative recipient of rB/HPIV3 met the protocol definition of LRI: rhonchi were heard on auscultation on study days 21 through 23. This child was afebrile and did not show other signs or symptoms of LRI. This LRI was the only vaccination-related SAE reported. While this child did shed vaccine virus on study days 3 through 7, vaccine virus was not detected in nasal wash specimens on subsequent days and in particular not at the time of the LRI (day 21); however, human metapneumovirus, bocavirus and coronavirus were detected in nasal washes obtained at that time, suggesting that a community-acquired infection was the most likely cause of the LRI (Table 1) .
HPIV3 was detected in nasal washes obtained from two placebo recipients in our rB/HPIV3 trial: virus was isolated from nasal wash specimens obtained from one placebo recipient on study days 4 and 5, and from the second placebo recipient on study days 27 and 28. Sequencing confirmed that these were wt HPIV3 isolates.
A single dose of 10 5.0 TCID 50 of either vaccine induced serum antibody responses in nearly all seronegative vaccinees: 86% of rHPIV3-N B recipients and 93% of rB/HPIV3 recipients had >4-fold rises in HAI antibody titer to HPIV3 following vaccination (Table 2) . Of note, the mean reciprocal log 2 serum HAI antibody titer in recipients of a single dose of 10 5.0 TCID 50 was significantly higher in rB/HPIV3 vaccinees than in rHPIV3-N B vaccinees (5.6 vs. 4.3, P = .01, Table 2 ). Significant differences in pre-vaccination titers were not observed between the two groups.
Discussion
The use of antigenically related animal viruses for immunization against human pathogens has led to the eradication of smallpox and more recently, to the development of Rotateq ® , a live-attenuated bovine-human reassortant rotavirus vaccine. We and others previously evaluated BPIV3 as a live-attenuated vaccine against HPIV3 and found that it was well-tolerated and highly infectious in HPIV3 seronegative children and infants as young as 2 months of age [10, 21] . In the majority of children over 6 months of age, experimental BPIV3 vaccines also elicited serum HAI antibody responses to the BPIV3 HN glycoprotein, the major viral protective antigen; however, very few of these children developed high titers of antibody to the HPIV3 HN. This result was consistent with cross-neutralization studies that demonstrated only 25% antigenic relatedness between BPIV3 and HPIV3 HN and F [28, 29] , and suggested that inclusion of the HN and F glycoproteins from HPIV3 would be important for induction of antibodies against these protective antigens. In this study, we describe the evaluation of two experimental chimeric bovine-human PIV3 vaccines. Each of these vaccines contains the HN and F glycoproteins of HPIV3. rHPIV3-N B is a single gene substitution recombinant in which the only contribution from BPIV3 is the N gene and its encoded protein, whereas rB/HPIV3 contains all of the internal genes from BPIV3, and only the F and HN genes and encoded proteins from HPIV3. rHPIV3-N B and rB/HPIV3 were previously evaluated in rhesus monkeys [20, 23, 25] . Replication of these chimeric viruses in nonhuman primates was comparable: each replicated in the upper respiratory tract to a level that was intermediate between the parent wt BPIV3 strain and wt HPIV3, and each was highly restricted in the lower respiratory tract, similar to BPIV3 [20, 23, 25] . Interestingly, however, replication of these two experimental vaccines differed in HPIV3 seronegative children. In our study, the mean peak titer of virus detected in nasal wash fluid was greater for rHPIV3-N B than for rB/HPIV3 (10 3.7 vs. 10 2.8 pfu/mL), and the mean duration of shedding was significantly greater for rHPIV3-N B than for rB/HPIV3 (14.7 vs. 8.2 days). At a dose of 10 5.0 TCID 50 , rHPIV3-N B was slightly less restricted in replication in HPIV3 seronegative children than the parental BPIV3 (mean peak titer 10 3.2 TCID 50 ; mean duration shedding 10.7 days [21] ). While replication of both rHPIV3-N B and rB/HPIV3 was restricted compared to what we have previously observed in children naturally infected with wt HPIV3 [11] , this study underscores the need for careful stepwise evaluation in susceptible pediatric populations to uncover subtle differences that may not be apparent when these viruses are evaluated in nonhuman primates.
Despite being more restricted in replication, the rB/HPIV3 vaccine induced significantly higher titers of HAI antibody than the rHPIV3-N B vaccine (5.6 vs. 4.3 reciprocal mean log 2 titer). The reasons for this apparent difference are unclear. One potential explanation for this observation might be that the BPIV3-specific accessory P gene products encoded by the rB/HPIV3 vaccine are less able to inhibit human interferon induction and signaling than are the HPIV3-specific P gene products encoded by the rHPIV3-N B vaccine. Greater interferon production and signaling in response to the rB/HPIV3 vaccine might have adjuvant effects resulting in a stronger antibody response, as has been noted in bovines infected with bovine RSV mutants that differed in their ability to control the host interferon response [30] . In any case, the combination of greater restriction in replication with increased antibody response makes the rB/HPIV3 vaccine a more promising candidate than the rHPIV3-N B vaccine. The titer of antibody achieved in HPIV3 seronegative children after a single dose of rB/HPIV3 vaccine was only slightly lower than that measured in seropositive children who had presumably experienced prior infection with wt HPIV3 (Table 2) , and, since more than one dose of this vaccine would likely be administered [31] , it is possible than antibody titers comparable to infection with wt HPIV3 might be achieved following completion of a vaccination series with rB/HPIV3.
The tolerability of these vaccines was difficult to assess completely in these small phase I clinical trials. Importantly, LRI and/or other SAEs associated with vaccine virus shedding were not observed. Fever and upper respiratory illnesses were frequently detected in both vaccinees and placebo recipients, and a variety of adventitious viral agents were isolated from several subjects. These types of illnesses often occur in infants and preschoolers and can confound the assessment of reactogenicity of a live-attenuated respiratory virus vaccine. In particular, assessing the causal relationship between vaccine administration and a mild illness such as rhinorrhea will require studies in larger numbers of children: for example, the association between the live-attenuated influenza vaccine FluMist and mild upper respiratory symptoms was not apparent until large-scale studies were completed [32] . If the rB/HPIV3 vaccine undergoes further clinical development, additional information regarding the safety and reactogenicity of this vaccine will need to be obtained.
In summary, we have shown that two chimeric bovine-human PIV3 viruses are restricted in replication in HPIV3 seronegative children. Of the two vaccines, rB/HPIV3 appears to be both more restricted in replication and more immunogenic, making it the preferred candidate for further clinical development. Currently, a live-attenuated HPIV3 vaccine (cp45 and the recombinant version, rcp45) has been shown to be highly attenuated, infectious and immunogenic in phase I and II clinical trials in HPIV3-naïve infants and children [11, 33, 34] . rB/HPIV3 represents a potential additional live-attenuated investigational HPIV3 vaccine that could be evaluated in phase II/III studies. Alternatively, rB/HPIV3 could be used to express the surface glycoproteins of related paramyxoviruses that are important pediatric pathogens, such as RSV or human metapneumovirus [35] . Evaluation of a similar chimeric B/HPIV3 vaccine virus expressing the RSV F protein from an added gene is currently in progress [36] .
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